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SECTION  I 
INTRODUCTION 


A.  OBJECTIVES 

The  environmental  impact  of  military  activities  is  undergoing  increased 
public  and  regulatory  scrutiny.  Because  of  their  large  size  large  exhaust 
flows,  and  high  concentrations  of  nitrogen  oxides  (NO,^)  Air  Force  jet  engine 
test  cells  (JETCs)  are  becoming  prime  targets  for  environmental  assessments  and 
emission  controls.  NOj^,  a  U.S.  ERA  regulated  priority  pollutant  detrimental  to 
human  health,  is  also  a  key  agent  in  the  formation  of  acid  rain  and  ground- 
level  ozone.  This  research  program  was  initiated  to  determine  the  feasibility 
of  reburning  as  a  means  of  controlling  NO^^  emissions  from  JETCs. 

B .  BACKGROUND 

The  U..S.  Air  Force  operates  approximately  250  JETCs  which  are  considered 
stationary  sources  by  the  EPA  and  therefore  fall  under  local,  state,  and 
federal  emission  regulations.  The  current  federal  NOjf  emission  limit  for 
stationary  sources  firing  liquid  fuels  is  0.3  Ib/MBtu,  roughly  equivalent  to 
5.6  g  N02/kg  fuel. 

The  purpose  of  a  JETC  is  to  perform  controlled  testing  of  jet  engines 
after  maintenance  or  overhaul  to  assure  proper  operation  before  returning  them 
to  service.  Engines  are  operated  over  their  full  range  of  thrust,  repre¬ 
sentative  of  typical  operational  modes  (startup,  taxi,  runway  roll,  climbout, 
maneuvering,  approach,  and  landing).  Total  test  times  can  vary  from  2  to 
8  hours. 

JETC  design  varies  from  base  to  base,  but  the  most  common  indoor 
configuration  is  pictured  in  Figure  1.  The  engine  to  be  tested  is  securely 
mounted  in  the  horizontal  portion  of  a  long  U  or  L-shaped  enclosure  constructed 
of  steel  and  concrete.  Air  is  drawn  into  the  enclosure  through  sound-deadening 
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Figure  1.  Tinker  AFB  JETC  4  Facility  Dimensions. 

ports  and  baffles.  The  resultant  unequal  flow  distributions  are  corrected  by 
tuining  vanes  designed  to  provide  an  undistorted  airflow  to  the  engine  inlet  at 
a  velocity  not  to  exceed  50  ft/s  (Reference  1). 

The  jet  engine  exhaust  gases  are  blown  into  a  large,  long  tube  (typically 
10  feet  in  diameter  by  100  feet  long)  witli  a  convergent  entrance  section.  This 
JFTC  component,  called  an  augmenter,  serves  tliree  purposes  (Reference  2): 

1.  The  entrance  to  the  augmenter  is  venturi-shaped,  similar  to  an 
ejector  pump,  to  draw  air  mto  the  test  cell  and  ensure  equal  air 
pressure  at  the  inlet  and  outlet  of  the  engine. 

2.  The  augmenter  diavs  a  portion  of  the  air  around  the  engine  housing  to 
provide  cooling  similar  to  that  experienced  by  the  engine  in  flight. 

1.  The  air  drawn  into  the  augmenter  dilutes  and  cools  the  engine  exhaust 
gas,  which  is  necessary  to  prevent  damage  to  the  JETC  construction 
materials. 
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The  amount  of  air  drawn  into  tiie  cell  depends  on  the  placement  of  the  engine 
relative  to  the  augmenter  throat.  In  practical  operation,  the  ratio  of  bypass 
aitflow  to  engine  exhaust  gas  flow  (augmentation  ratio)  varies  from  about  0.5 
to  2.5  on  a  mass  basis  (Reference  3). 

The  augmented  gas  temperature  can  vary  between  400  and  2000°F  (200  to 
1100°C)  depending  on  engine  firing  rate  and  augmentation  ratio.  Some  augmenter 
tubes  are  equipped  with  cooling  water  sprays  to  further  quench  the  exhaust  gas 
temperatuie  below  600°F  (315°C),  thus  allowing  the  use  of  inexpensive  con¬ 
st  i  action  materials.  The  gases  exit  tlie  augmenter  tube  through  a  perforated 
basket  to  help  dissipate  the  momentum  of  tlie  jet  as  well  as  some  of  the 
acoustic  energy.  In  some  cells,  this  basket  is  surrounded  by  a  movable  sleeve 
that  can  be  used  to  adjust  the  back  pressure  on  the  engine  (Reference  1). 

Tlie  exhaust  gas  leaving  the  augmenter  tube  fills  the  blast  room  before 
exiting  the  JETC  tlirough  the  stack.  The  cooled  exhaust  is  vented  to  atmospliere 
through  multiple  c.hannels  in  the  exliaust  stack  designed  to  minimize  the  noise 
Cleared  during  a  test  run.  The  stack  has  an  exit  area  that  ranges  from  200  to 
ft^,  and  tlie  flow  distribution  among  the  channels  is  observed  to  be  very 
itiegulat  (Reference  3). 

These  JETCs  process  an  enormous  amount  of  gas.  Material  balances  for  a 
"typical"  engine  test  at  full  military  and  afterburner  loads  (600  Ib-air/s)  are 
given  in  Tables  1  through  4,  taken  from  Reference  4. 

Another  unique  feature  of  JETC  operation  is  a  highly  variable  test  cycle. 
Figure  2  shows  an  example  of  how  engine  load  may  be  varied  with  time  during  a 
lest  at  Tinker  AFB  (Reference  5).  We  note  that  each  load  condition  is  seldom 
maintained  for  more  than  five  minutes,  and  that  transient  exhaust  conditions 
undoubtedly  occur. 

As  expected,  NO^,  emission  from  a  JETC  is  a  strong  function  of  engine  load 
(i.f.,  peak  flame  temperature).  Figure  3  shows  NOj^  emissions  as  a  function  of 
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TABLE  1.  FLOU  CHARACTERTSTTCS  FOR  A  J-79  ENGINE  TEST  AT  MILITARY  POWER 
SETTING  AND  A  TEST  CELL  AUGMENTATION  RATIO  OE  0.6  TO  1 
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SETTING  AND  A  TEST  CELL  AlKiMENTATION  RATIO  OF  0.6  TO  1 
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Figure  2.  A  Typical  TF30  Run  Scliedule  at  Tinker  AFB  (Reference  5), 
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Figure  3.  Typical  Nena f teihurning  Turbine  Engine  Emission 
Trends  (Reference  6). 

load  for  one  J-79  engine  (Reference  6).  If  we  accept  a  NO^  emission  goal  of 
0.3  lli/MBtu  (the  current  ERA  limit  for  liquid- fueled  stationary  sources) 
without  supplemental  NOj^  reduction  equipment,  this  particular  engine  meets  the 
emission  goal  at  loads  below  50  percent  thrust.  Therefore,  it  may  be  feasible 
to  implement  the  NOj^  reduction  process  only  at  loads  greater  than  50  percent. 
In  this  manner,  the  emission  control  process  need  remain  effective  over  a  much 
nai rower  range  of  exhaust  temperatures  and  exhaust  gas  velocities.  An 
additional  potential  benefit  of  reburner  operation  is  the  consumption  of 
carbonaceous  smoke  particles,  which  are  produced  in  large  quantities  during 
periods  of  high  engine  load. 

The  approximate  gas  composition  derived  from  the  JETC  operating  data  in 
Tables  1  through  4  is  given  in  Table  5.  Augmented  gas  temperatures  (before 
water  sprays)  extracted  from  the  same  tables  are  plotted  on  Figure  4. 
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SMOKE  NUMBER 


AUGMENTED  GAS  TEMPERATURE  (T) 


TABLE  5.  EXHAUST  GAS  COMPOSITION 


Concentration 

Component 

100%  Thrust 

Afterburner  (140%  Thrust) 

NOj^ ,  ppniV 

150 

350 

02,  % 

15 

8 

COj,  ^ 

3 

6 

CO,  ppmV 

50 

50 

H/C,  ppmV 

4 

1 

H2O,  X 

4 

26  (after  quench) 

N2 ,  %  (by  difference) 

L 

78 

60 

Figure  4.  Temperature  of  Diluted  Exhaust  from  J-79  Engine. 
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Temperature  range  and  range  of  exhaust  gas  O2  concentration  are  important  to 
the  rebuining  system  design. 

C.  SCOPE  OF  PHASE  I  WORK 


The  overall  goal  of  the  program  is  to  apply  PSI  Technology  Company's  con¬ 
siderable  experience  in  developing  rebiirning  systems  for  utility  boilers  and 
dipsel  engines  to  the  design  of  a  system  to  control  NOj^  emissions  from  Air 
Force  incinerators  and  JETCs.  The  emphasis  in  Phase  I  is  on  the  JETC  appli¬ 
cation.  Specific  technical  objectives  of  the  proposed  Phase  I  effort  are 
listed  below: 

1.  To  design  a  reburning  system  capable  of  at  least  50  percent 
reduction  when  applied  to  JETCs  (Task  1). 

2.  To  quantify  the  effects  of  gas  temperatures.  NOj.  "d  O2  concen¬ 
tration,  and  reburning  fuel  flow  on  NO^  emissions  vtask  2). 

3.  To  determine  the  technical  and  economic  feasibility  of  these 
rebu’ning  sy'^tem  applications  (Task  3). 

Meeting  these  objectives  will  require  answers  to  the  following  key  technical 
quest  ons: 


What  aie  the  effects  of  jet  engine  operating  conditions  on  NOj^ 
emissions,  as  well  as  other  potential  exhaust  gas  contaminants? 

Under  what  operating  conditions  (temperature,  gas  composition,  flow 
rate)  will  reburning  be  effective  in  removing  NOj^  from  this  exhaust 
gas? 

What  are  the  capital  and  operating  costs  associated  with  applying  the 
technology  to  each  combustion  source? 
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What  are  the  technical  issues  and  problems  that  must  be  addressed  in 
a  Phase  II  development  program  before  reburning  can  be  prudently 
applied  to  jet  engine  test  cells? 
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SECTION  II 

APPLICATION  OF  REBURNING  TO  JETCs 


A.  REBURNING  BACKGROUND 

It  has  long  been  known  that  NOj^  can  Ite  reduced  to  N2  by  reaction  with 
hydrocai'bon  radicals  produced  when  fuel  is  injected  downstream  of  tlie  primary 
combustion  zone.  Wendt  (Reference  7)  in  1973  called  this  process  reburning 
because  a  second  flame  zone  was  recjuired  to  achieve  both  reduced  NOj,  and 
burnout  of  the  additional  fuel. 

Although  conceptually  simple,  the  re))urning  re.iction  mechanism  is  quite 
complex,  as  shown  in  Figure  5.  The  NO^.  teduction  efficiency  in  the  reburn  zone 
is  influenced  by  both  NO^  formation  and  reduction  processes;  the  key  to  success 
is  to  establish  conditions  of  temperature  and  mixing  where  the  reduction 
mechanisms  dominate. 


Figure  5.  NOj^  Formation  and  Destruction  Pathways  During  Natural  Gas  Reburning. 


Following  the  figure,  hydrocarbon  radicals  formed  from  the  reburning  fuel 
leact  witfi  NO  to  produce  cyanogen/hydrogen  cyanide.  These  species  react 
further  with  free  radicals  to  form  NHj  species  that  rapidly  react  with  more  NO 
to  form  N2.  Thus,  NO^  will  be  destroyed  in  tlie  flame.  The  level  of  NOj^ 

I  eduction  depends  on  the  rates  of  hydrocat  l)on  radical  production  (as  well  as  on 
the  competing  liydrocarbon  oxidation  reactions)  and  the  flame  temperature.  High 
temperatures  favor  free  radical  formation  and  tlie  reaction  of  NO  with 
hydrocarbons;  low  temperatures  favor  the  reaction  of  NO  with  NHj,  species, 
labotatory  tests  have  shown  that  the  NO  +  NHj  destruction  reaction  is  the  most 
impoitant  reaction  in  practical  systems. Additional  air  may  be  injected 
riownstream  of  the  reburning  zone  to  complete  combustion  of  the  reburning  fuel. 

Much  of  the  research  on  rehurning  teclinology  has  focused  on  boiler  appli¬ 
cations,  where  exhaust  gas  oxygen  levels  are  relatively  low  and  temperatures 
cntciing  the  reburn  zone  are  relatively  high.  Figure  6  shows  NOj.  emissions 


0  6  0.8  1.0  1.2 

FUEL-RICH  - 1 - ►  FUEL-LEAN 

SR2,  REBURNING  ZONE  STOICHIOMETRIC  RATIO 

Figure  6.  Fuel-Staged  Emissions  as  a  Function  of  Reburning 
Zone  Stoichiometry  (Reference  9). 
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reported  by  Lisauskas  and  Johnson  (Reference  9)  for  a  coal-fired  system  having 
a  baseline  emission  of  about  800  ppm.  The  NOj,  reduction  is  maximized  when  the 
reburning  zone  is  maintained  under  reducing  conditions.  The  large  amounts  of 
oxygen  in  the  exhaust  from  JETCs,  make  it  impractical  to  add  enough  fuel  to 
consume  all  the  O2. 

Fortunately,  local  reducing  conditions  can  still  be  achieved  even  if  the 
overall  mixture  remains  oxidizing.  If  the  mixing  rate  of  fuel  and  exhaust  gas 
is  slow  enough,  fuel-rich  pockets  of  gas  will  exist  in  the  flame.  In  these 
regions,  hydrocarbon  radicals  can  still  react  to  destroy  NO.  Yang  et  al. 
(Reference  10)  investigated  reburning  for  application  to  industrial  process 
heaters  that  also  operate  with  high  amounts  of  excess  air.  His  results  are 
summarized  in  Figure  7.  Without  creating  a  condition  where  an  entire  zone  of 
the  furnace  was  fuel-rich,  he  was  able  to  reduce  NOj^  by  40  to  55  percent, 
depending  on  the  amount  of  reburning  fuel  added. 

The  hypothesis  of  fuel-lean  reburning  is  also  consistent  with  emission 
tests  of  gas  turl)ine  comhined-cycle  power  plants  in  the  1970s.  Under  some 
conditions,  it  was  noted  that  NOj^  formed  in  the  gas  turbine  primary  combustion 
zone  could  be  destroyed  by  the  duct  burner,  which  was  installed  to  raise 
orlianst  gas  tempeiatures  and  improve  heat  recovery  in  the  bot toming-cycle  steam 
generator  (Reference  11). 

In  other  combined  cycle  applications  where  the  oxygen-containing  turbine 
exiiaust  gas  was  used  as  the  oxidant  in  a  separately  fired  steam  generator,  NOj^ 
lednctions  greater  than  50  percent  were  achieved  when  some  of  the  burners  were 
fired  fuel- rich  (References  12,  13).  More  recently.  Brown  and  Kirby 
(Reference  14)  investigated  the  application  of  reburning  to  diesel  engines. 
Their  conclusion  is  that  reburning  is  impractical  in  02-rich  exhaust  steams 
because  enormous  amounts  of  reburning  fuel  are  required  to  achieve  substantial 
destruction  of  NOj^.  Their  tests,  however,  may  not  have  achieved  the  slow 
mixing  rates  that  would  be  required  to  maintain  free  radical  concentrations 
long  enough  to  destroy  NO^  in  such  a  system. 
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STACK  NOx  REDUCTION  (%  FROM  UNSTAGED  BASELINE) 


Figure 


FIRST-STAGE  STOICHIOMETRY  SRi  (%) 


110  120  130  140 


7.  All  Fuel-Lean  Industrial  Furnace  NOj^  Reduction  (Reference  10). 
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NOx  (ppm) 


B. 


RATIONALE  FOR  THE  JETC  REB’JRNING  APPLICATION 


A  general ired  schematic  of  lehurning  to  remove  from  an  oxygen-rich 

f:-:hau'=t  stteam  is  sliown  in  Figure  8.  In  order  to  achieve  at  least  50  percent 
NO.^.  leduction,  the  system  must  provide  the  following  conditions: 

slow,  hut  nearly  complete  mixing  of  rehurn  fuel  with  the  exhaust 
s  t  ream : 


t empe I  a t u 1  PS  high  enough  to  promote  and  sustain  free  radicals  in  the 
shear  layers  of  the  lesulting  iliffusion  flame; 

•  some  premixing  of  exhaust  witli  reburning  fuel  to  assure  contact  of  a 
significant  fraction  of  the  NO  with  liydrocarbon  radicals  in  the 
fuel-rich  flame  region; 

•  O2  concentration  in  the  exliaust  high  enougl:  to  stabilize  the 
reburning  flame. 

The  tempoiature  and  O2  concentration  of  the  JETC  exhaust  vary  with  engine 
tlirust  and  degree  of  dilution  by  augmenter  air.  However,  they  are  tiot 


Figure  8.  Reburn  Schematic  -  Plan  View. 
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independent  of  each  other.  Figure  sliovs  tiiis  relationship  based  on  the  data 
of  Tables  1  throngli  4  for  mi  1  i  tarv/a  f  t  erhui  noi  tlirusts  and  a  range  of 
augmentation  ratios.  The  total  gas  mass  flow  vas  apjiio;-.  iinately  tlie  same  for 
each  data  point.  Based  on  this  i  e  1  a  t  i  I'lisli  i  p  it  can  he  concluded  tliat  augmentei 
ratio  can  be  used  to  con.trol  liotli  lempeiatuic'  aucl  Oy  concentration  over  a  wide 
ratige.  ft  should  lie  possilvle  t(>  obtain  teir|)era  tin  es  iiigher  tlian  8f)(j°F  and  (>2 
conr  c^n  r  ra  t  i  ons  above  12  percent,  whitli  would  lie  conducive  to  both  f  i  ee  radical 
fnimation  and  stalrlc  relniinet  flames. 


Figure  '1.  Felafionship  Bet'/een  Exhaust  lemperatnre  and  O2  Concentration 
on  a  JFTC. 


other  potential  advantages  of  rebutning  NO,^  crrntrol  processes  include  the 
foil ov i ng : 


low  pressnie  drop  (<  5  inches  of  water)  so  that  engine  operation  will 
not  be  affected  by  the  NO^,  control  process; 
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simple  operation  and  control; 


lov  capital  cost  relative  to  selective  catalytic  NO^  reduction; 

opportunity  to  recover  heat  from  the  engine  exhaust  during  testing, 
depending  on  site-specific  JETC  designs  and  energy  needs  of  the  Air 
F(Mce  bases  where  they  are  located. 

1  he  sections  that  follow  describe  tlie  preliminary  design  of  a  JETC  reburning 
'P'.'stem  and  the  feasibility  of  fulfilling  these  potential  advantages. 
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SECTION  III 

PRELIMINARY  REBURNING  SYSTEM  DESIGN 

A.  DESIGN  BASIS 

A  jet  engine  test  cell  located  at  Tinker  Air  Force  Base  has  been  chosen  as 
the  basis  for  the  preliminary  reburning  system  design.  Physical  dimensions  and 
mass  flow  rates  for  this  JETC  are  given  in  Reference  1. 

The  system  is  designed  for  NOj^  emissions  not  to  exceed  0.3  lb  N02/MBtu, 
e(|uivalent  to  the  current  EPA  standard  for  new  stationary  sources  burning 
liquid  fv.els.  Uncontrolled  NOj^  emissions  at  full  military  thrust  may  range 
fiom  0.4  to  1.6  Ib/MBtu  (Reference  15).  Therefore,  the  emission  target 
represents  about  a  25  to  80  percent  NO^  reduction  on  a  Ib/MBtu  basis.  For  this 
study,  we  have  assumed  that  a  50  percent  average  reduction  of  NO^.  will  be 
sufficient.  For  the  purpose  of  simplifying  reburner  control,  it  is  proposed 
that  the  reburner  be  operated  at  a  constant  firing  rate  during  the  entire  test 
period.  At  high  engine  loads  (>  50  percent),  the  reburner  will  provide  the  NOj^ 
reduction  required  to  meet  emissions  regulations.  Operation  of  the  reburner  at 
lower  engine  loads,  while  not  necessary  for  NOj^  reduction  purposes,  will  offer 
the  additional  benefit  of  reducing  JETC  hydrocarbon/CO  emissions  (via  their 
combus t ion  in  the  reburner  flame)  which  are  particularly  problematic  during  the 
low  load  conditions.  The  system  will  be  designed  .such  that  the  exhaust  stream 
oxygen  concentration  will  not  fall  below  3  percent  at  any  engine  load. 

PSIT  and  the  Air  Force  Teclinical  Project  Officer  agreed  that,  for  the 
putposes  of  this  study,  the  materials  of  construction  for  each  JETC  component 
may  be  changed  if  required  by  the  NO.^  control  process.  However,  no  changes 
will  be  made  if  the  operation  of  the  test  engine  would  be  affected  in  any  way. 
It  was  assumed  that  existing  means  of  controlling  exhaust  gas  temperature 
(i.e.,  augmentation  ratio  or  spray  water  flow)  could  be  utilized  to  optimize 
the  NOj^  removal  process. 
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To  estimate  up(=rating  costs  associated  with  the  reburner  system,  it  was 
also  necessary  to  make  assumptions  concerning  the  JETC  operating  schedule.  For 
tliis  study,  we  liave  stipulated  that  tlie  subject  JETC  will  average  4  liours  of 
operation  per  day,  for  200  days  per  year.  Tiius  the  total  yearly  operation  will 
he  aluiiit  800  hours,  producing  approximately  300  tons  per  year  of  uncontrolled 
Mm,,  . 

B.  OF, SI  ON  ALTERNATIVES 


I'vo  altei  native  locations  fot  the  telniincr  system  were  considered  in  this 
:tn'ly  : 


1.  in  the  angmenter  tube;  or 

2.  in  a  separate  reburning  chamber  downstream  of  the  angmenter  tidte 
(external  to  the  existing  JETC). 

These  alternatives  are  shown  schematically  in  Figure  10. 

OlJtion  1  has  the  advantage  of  minimizing  capital  cost  by  utilizing  exis¬ 
ting  equipment,  although  it  is  expected  that  the  reburner  will  generate  temper- 
atuies  in  excess  of  1200°F  (65n°C).  Therefore,  the  reburning  retrofit  may 
ini'lnde  teplacing  the  angmenter  tube  with  a  more  expensive  alloy,  or  lining  the 
tnlx^  with  insulating  refractory  to  allow  oi)cration  in  this  temperature  range. 

Another  concern  with  Option  1  is  the  gas  velocity  in  the  angmenter  tube. 

We  estimate  the  average  gas  velocity  to  vary  from  ctbcut  10  ft/s  to  over 
200  ft/s  for  engine  operation  ranging  from  50  percent  thrust  to  afterburner 
tlnust.  The  velocity  field  at  the  entrance  to  the  angmenter,  however,  is 
surely  nonuniform  and  highly  turbulent  as  engine  exhaust  (supersonic  velocity) 
mixes  with  dilution  air.  Since  fuel-lean  reburning  requires  slow  mixing  of 
leburning  fuel  and  exhaust  gas  to  achieve  NOj^  reduction,  the  reburner  should  be 
located  in  a  region  of  uniform  flow.  The  desired  exhaust  gas  velocity  is  less 
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AIR  EXHAUST 


•  INCORPORATE  REBURNING  INTO  AUGMENTER 

•  MAY  REQUIRE  REPLACING  AUGMENTER  WITH  HIGH-TEMPERATURE  ALLOY 

•  WORRY  ABOUT  VELOCITY/TURBULENCE 


'  INCORPORATE  HjO  SPRAYS  TO  QUENCH  VERY  HIGH  EXHAUST  TEMPERATURES  IN  AUGMENTER 

•  BUILD  EXTERNAL  REBURN  CHAMBER  DOWNSTREAM  OF  EXISTING  AUGMENTER  TUBE 

•  ADJUST/CONTROL  OF  BACKPRESSURE’ 


Figure  10.  Reburning  Options. 


than  ](in  ft/s.  Also,  the  mean  hiilk-ga.s  lesicience  time  in  the  augmenter  could 
l)e  as  low  as  0.4  s.  If  the  rehurnei'  is  located  6  to  8  duct  diameters 
downstream  of  the  atignienter  entrance  (a  location  where  flow  may  be  more 
unifoim),  theie  may  he  less  than  0.2  s  of  residence  time  to  achieve  NO^ 
reduction  and  burnout  of  rehurning  fuel.  This  residence  time  may  be 
i nsn  f  f i c ien  t . 

(Option  2,  building  a  separate  teburning  reactor  external  to  the  JETt-', 
ptovides  n.ote  flexibility  to  optimize  the  leburning  temperature,  velocity  and 
residence  time.  Therefore,  it  is  likely  that  maximum  Nt)^,  reduction  can  be 
achieved  vitb  this  option,  but  thfur-  are  still  a  lev  concertrs.  High  tem[ieta 
fnre  gases  directly  from  the  airgmenter  mav  be  required  to  minimize  the  use  of 
tcMrnrrring  fuel.  Tlris  sirggests  miirimal  usage  of  water  sprays  iir  tire  augmenter. 

K ,  c'u  v;  i  t  h  this  optiotr,  it  may  be  [ttitdent  to  cotrsidcr  irrodifying  the  augmerrter  to 
V  i  t  lis  t.rrrd  temperatures  above  I'too^F  ('j4t!°C).  Also,  we  are  concerrred  ''itb. 
irrtegrating  the  icbrrrn  reactor  wi  tli  the  shrouded  basket  at  the  exit  of  the 
augnif'tr  t  er  .  The  design  should  still  allow  rcgulatiorr  of  airgmenter  back -pressure 
.ind  dissipate  the  a'-ou'^tic  energy  (rf  the  exhaust.  Therefore,  we  recommend  that 
thf’  duct  to  the  tf'lmrii  reactor  be  an  anirulin;  surrounding  the  augmenter  basket, 
a.s  shown  in  Figure  11. 


Figure  11.  Connection  Between  Augmenter  and  Reburner. 
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c. 


REBURNING  SYSTEM  COMPONENTS 


A  general  sctiematic  showitig  all  the  components  of  the  proposed  reburning 
system  is  given  as  Figure  12.  Pieliminary  specifications  for  each  component 
ate  discussed  bolov.  Where  specifications  changed  as  a  result  of  the 

ii  ontal  task,  these  changes  ate  noted,  although  a  complete  explanation 
will  !)('  saved  fot  Section  IV. 


EXHAUST  FROM 
AUGMENTER  - 


CH4 

SUPPLY 


Efju i  pmen  t ; 


Duct  Burner 
Combustion  chamber 
Ov  Monitot  (inlet  and  outlet) 
•  CH/,  Supply  Piping 

CH4  Flow  Conti ol  System 
Valves  and  Piping 
Miscellaneous  Ductwoik 


Figure  12.  Rebut ning  Components. 
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Duct  Burner 


1  . 


A  single  duct  hurner  inted  at  1()0  MBtu/hr  was  originally  specified 
(four  lelniineis  lated  at  150  MBtu/lir  were  later  shown  to  be  required  based  on 
the  laboratory  tests).  A  single  burner  would  provide  a  ratio  of  exhaust  gas 
flow  to  leluirnet  fuel  flow  of  P.8i)  on  a  mass  basis.  Tlie  burner  will  consist  of 
a  sin  ouder!  gas  ring  containing  eight  gas- in ject ion  spuds,  mounted  on  a  flange 
that  boLts  into  a  duct  coming  ftom  the  augmenter.  The  burner  will  be  equipped 
with  a  spark  ignitei  and  optical  flame  scanner.  The  burner  is  expected  to 
pio'/ide  4  to  1  tutndnwn,  achieve  a  piessure  loss  of  less  than  2  inches  of 
vatei,  and  operate  staltly  at  exhaust  gas  oxygeti  concentrations  greater  than 
12  percent. 


P.  t'ombustion  Cliamltet 

The  duct  extension  f  i  om  the  augjncntci  consists  of  a  12-ft  iiinet 
riiametet  cylinder  constructed  of  Tyjie  ’04  stainless  steel  (operating  metal 
femperatuie  up  to  ]4D(.)°F).  The  comhustion  cltambet  opens  to  a  20-ft  inner 
diameter  thtough  a  conical  transition  piect'  tap'oer]  at  a  ID- deg  angle.  It  will 
also  lie  constiucted  of  304  stainless  and  lined  with  lefractory  firebrick  to 
[iiovent  overheating  of  tlie  metal  atid  to  minimize  heat  loss.  The  transition 
piece  will  be  lined  with  refract<iry  tile.  The  oveiall  length  of  the  combustion 
chan, her  is  00  ft. 

1.  h.xhausr  Ductwotk 

I'he  exhaust  leaving  the  i-omhustion  cliambei  will  be  ducted  back  to  the 
lilast  loom  of  the  JF.TC.  Tlie  exact  layout  of  this  ductwork  will  depend  on  the 
availability  of  spac  ^  surioimding  the  JETh',  but  it  is  assumed  that  70  ft  of 
duct,  15  ft  in  diameter  will  suffice.  The  ductwoik  will  consist  of  carbon 
steel.  Water  sprays  will  be  located  at  tlie  exit  of  the  combustion  chamber  to 
rpic-nrh  gas  tempeiatures  below  5t)l)"F  (26D'’C). 
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Since  the  tempera  tnt  e  of  the  rehuinei  e.xhaust  is  expected  to  be  1700° 
to  16('n”F  (650°  to  870°C),  it  may  be  economical  to  cool  the  exhaust  gases  using 
a  heat  t ocovery  boilet.  The  heat  ot  the  exiiaust  gas  is  sufficient  to  generate 
alto, !){)(!  lh/Tir  of  saturated  steam  at  250  psia  or  AOf'.OOt.)  Ib/hr  of  steam  super 
luatcr!  !o  65()°F.  o  t  hr  a  v  i  se ,  the  50('',000  Ib'Tii  of  (juencli  water  flow'  already 

signed  fot  this  unit  tould  It's  user!  to  cnsin  o  tlia!  tile  stack  temperature  will 
!!('  t  C'xri  ed  500°F  . 

.  0;.;ygsn  Motiitoriug  Oystcin 

[die  O'  r  oni  r  11  r  1  a  t  i  on  of  the'  engine  exhaus'  entering  and  leaving  tlie 
ifi'iou  omhiistion  ciianber  should  be  monitored.  Outlet  O'l  levels  apjnoaching 
the  ini'  t  O'  (  oncen  t  ra  t  i  on  'while  the  natnia!  gas  is  flo'wing  indicate  a  flame- 
■'iM.  in  this  event,  the  natuial  gas  should  be  shut  off  while  the  system  is 
I'tiiged  lit  iimcacfed  methane.  If  tlie  exit  0;^'  concentration  falls  below  a 
'I  itiial  '/alue  (adiout  1  percent  based  on  our  labotatory  experiments),  emissions 
of  Ir.'d  1  oca  I  hons  and  Of)  may  become  excessive,  and  the  natural  gas  flow  shotild  he 

I  cdiic  c,i . 


5.  Control  System 

Signals  from  the  Op  meteis  are  processed  by  a  feed-forward 
on  t  j  o  I  1  c'l  ,  'wli  i  (  li  actuates  the  main  natuial  gas  control  valve.  The  controller 
ilso  ifceives  a  signal  from  the  flame  scanner  attached  to  the  relnirner.  Either 
'  ignal  may  initiate  a  shutoff,  puige,  relight  cycle. 

(i .  Natuial  Gas  Supply  Piping 

It  has  been  assumed  tliat  the  rehurniiig  system  will  have  access  to 
pipelined  natntal  gas.  A  nominal  100  feet  of  piping  has  been  included  in  this 
[u  cl  i  ni  i  r.a  t  y  de't  i  gn  . 
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D.  MASS  BALANCE  FOR  REBIJRNING  SYSTEM 


Before  the  start  of  the  experimental  work,  a  mass  balance  was  performed 
using  a  target  value  for  the  amount  of  rel)urning  fuel  required.  Determination 
of  this  value  was  the  key  objective  of  the  testing,  but  the  exercise  was 
valuable  to  establish  the  technical  issues  relative  to  the  design  of  a 
tehutner  to  process  the  huge  volumes  of  gas  exhausted  by  a  typical  JETC. 

In  a  boiler  reburning  system,  the  flowrate  of  reburning  fuel  is 
appt oximately  one  percent  of  the  total  flue  gas  mass  flow.  Therefore,  this 
same  number  was  chosen  as  the  starting  point  for  the  preliminary  system  design 
fni  JETCs.  The  lesulting  reburner  fuel  flow  rate  is  approximately  20,000  Ib/hr 
(400  to  450  MBtu/hr). 

Mass  balances  weie  calculated  for  three  JETC  cf)nditions: 

military  thrust,  augmentation  ratio  of  2.0 
niilitary  tluust,  augmentation  ratio  of  0.6 

•  aftPihuinet  thiust,  augmentation  tatio  of  2.0. 

Low  load  opeiational  data  veto  not  a'ailable  for  the  subject  JETC,  but  the 
fetal  gaf'  flow  is  expected  to  be  i  n  f  1  ikmu.  (hI  mote  by  the  augmentation  ratio  than 
h','  the  fuel  flow  late  to  the  test  engine. 

Figmes  1  ^  to  15  illusttafe  ihes.-  mass  balances.  All  inlet  conditions 
w(  I  e  takf-n  ( i  otii  Tables  1,  2  and  4;  NO...  <  one  en  1 1  a  t  i  ons  were  taken  from  Figure  3 
foi  the  mi  1  i  t a  I y  |)owei  level  and  exttapolatcd  for  afterburner  conditions. 

The  lehuining  system  has  two  positive  effects  toward  meeting  an  EP.A  NO,., 
limit  (if  0.3  lb  NO;;  per  million  Btu  fuel  input: 
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_D  X 


r  L.  FLOW  =  10,000  Ib/h  =  188  MBtu/hr 
HAUST  FLOW  =  1 ,975,000  Ib/hr 
O^;  373,700  Ib/hr  (17.3%  vol.) 

NO,<  ..  500  Ib/hr  (165ppmV)  x' 

=  2.7lb'MBtu 
TLf.iPtRATURE  =  450’F 
VE',  OCITY  =113  fL's 


NATURAL  GAS 
=  20.000  Ib/hr 
=  420  M  Btu/hr 


EXHAUST  FLOW  =  1,995,000  Ib/hr 
02  =  295,500  Ib/hr  (13.5%) 

NOx=  182  Ib/hr  (60  ppmV) 

=  0.3  Ib/MBtu 

TEMPERATURE  -  11  SOT 
VELOCITY  =  71  ft/s 

EXHAUST  VOLUME  =  22.443  a  ftT's 


RpIuh  n  System  Ma.s.';  Palanre  La  1  cii  1  a  t.  eel  at  Military  Ihru.st, 
AiiRmcn  ta  t  i  on  Ratio  of  2.0. 


t  UEL  FLOW  =  35.000lb/hr  =  656  MBtu/hr 
t  XHAUST  FLOW  =  2.000.380  Ib/hr 
Op  =  288  000  lb-  hr  (13, 1%  vol.)  ^ 

NOx  -  I000lta.  hr  (325  ppmV)  ^ 

=  1.5  Ib/MBtu 

TEMPERATURE  =  1150T 
VELOCITY  =  202  ft's 


'  NATURAL  GAS 
=  20.000  Ib/hr 
=  420  MBtu./hr 


EXHAUST  FLOW  =  2,020.380  Ib/hr 

02  =  209,800  Ib/hr  (9,5%) 

NOx  =  320  Ib/hr  (100  ppmV) 

=  0.3  Ib/MBtu 

TEMPERATURE  =  1800  T 

VELOCITY  =  102  ft's 

EXHAUST  VOLUME  =  31 ,905  a  ft3/s 


Figure  14.  Reburn  Sy.stem  Ma.s.s  Balanre  Calculated  at  Afterburner  Thrust, 
Augmentation  Ratio  of  2.U. 
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EXHAUST  FLOW  =  1 ,078,  200  Ib/hr 


FUEL  FLOW  =  10,000  Ib/hr  =  188  MBtu/hr 
EXHAUST  FLOW  =  1,058,  200  Ib/hr 
02  =  183,320  Ib/hr  (15.8%  vol.) 

NOx  =  500  Ib/hr  (300  ppm)  (5 

=  2.7lb/M/Btu 
TEMPERATURE  =  770T 
VELOCITY  =  82  ft/s 


NATURAL  GAS 
=  20,000  Ib/hr 
=  420  MBlu/hr 
\ 


02  =  105,120  Ib/hr  (8.9%  vol.) 
NOx  =  182  Ib/hr  (llOppmv) 

=  0.3  Ib/MBtu 

TEMPERATURE  =  1850'  F 
VELOCITY  =  55  fVs 


EXHAUST  VOLUME  =  17,403  a  ft3/s 


Figure  15.  Relniin  System  Mass  Balance  Calculated  at  Military  Thrust, 
Augmentation  Ratio  of  0.6. 

1.  Reburning  reduces  tire  pounds  of  in  the  exhaust  stream  via  reac¬ 
tion  of  the  incoming  NO^  with  flame  radicals;  no  additional  NOj^  is 
produced . 

2.  Reburning  increases  the  total  Ireat  input  to  the  JETC  system. 

Theiefore,  when  calculating  the  emission  rate  of  the  system  according  to  ERA 
methodology,  the  process  decreases  the  numerator  (Ib/hr  of  NOj^)  and  increases 
the  denominator  (Btu/hr  of  fuel).  For  the  cases  sliown,  the  NO^  reduction  in 
ppm  (hypothetical,  not  experimental)  would  be  62  to  69  percent  but  the  reduc¬ 
tion  in  Ib/MBtu  would  be  80  to  90  percent.  For  the  current  program  goal  of  50 
percent  NOy-  reduction,  the  reduction  in  lb  N02/MBtu  would  be  70  to  85  percent. 

Other  germane  observations  from  the  mass  and  energy  balances  are  outlined 
below: 
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The  reburning  process  will  cause  a  temperature  rise  of  650°  to  700°F 
at  an  augmentation  ratio  of  2.0,  and  about  1100°F  at  an  augmentation 
ratio  of  0.6  (assuming  no  heat  loss  to  the  system). 

Maximum  average  gas  velocity  in  the  combustion  chamber  is  expected  to 
be  about  102  ft/s  based  on  the  bulk  average  volumetric  flow  rate  and 
expected  temperature. 

Augmentation  ratios  can  be  adjusted  to  keep  inlet  O2  concentrations 
above  13  percent  to  prevent  reburner  flameout. 

E.  SUMMARY  OF  KEY  ISSUES 

The  preliminary  reburn  system  design  study  identified  several  key  issues 
to  be  resolved  before  reburning  can  be  used  to  control  NOj^-  and  hydrocarbon 
emissions  from  jet  engine  test  cells.  Many  of  these  issues  have  been  mentioned 
in  the  preceding  discussion;  all  issues  are  summarized  below: 

How  mucl\  relnirn  fuel  is  required  to  achieve  at  least  a  50  percent 
reduction  in  NO.^  concentration? 

How  effective  is  a  low-NO^  reburner  in  destroying  soot  or  hydro¬ 
carbons  that  may  also  contaminate  the  exhaust  gas? 

t'an  we  simultaneously  achieve  liigli  NOj^  reduction  and  complete  burnout 
of  reburn  fuel? 

What  reburner  turndown  must  be  acliieved  to  assure  flame  stability  and 
complete  combustion  during  idle  and  low  load  JETC  conditions? 

What  is  the  minimum  Oy  concentration  in  the  engine  exhaust  at  which 
the  reburner  flame  can  be  stabilized?  Can  the  augmenter  ratio  be  set 
to  avoid  low  O2  and  subsequent  tei)urner  flameout? 
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Will  the  pressure  drop  across  the  reburner  be  less  than  5  inches  of 
water  for  all  possible  operating  conditions? 

Is  heat  recovery  from  the  reburner  exhaust  practical? 

What  key  parameters  sliould  be  considered  when  scaling  the  reburner 
design  to  the  size  required  for  a  full-sized  JETC? 

Investigation  of  tiiese  issues  formed  the  basis  of  the  experimental  portion  of 
this  program  (described  in  Section  IV)  and  were  evaluated  further  in  the 
feasibility  study  discussed  in  Section  V. 


31 


SECTION  IV 

EXPERIMENTAL  RESULTS 


The  primary  objective  of  the  laboratory-scale  experiments  was  to  assess 
the  effectiveness  of  reburning  as  a  means  of  NOj^  reduction  at  conditions 
representative  of  JETC  operation  and,  consequently,  to  generate  specific  design 
requirements  for  the  proposed  full-scale  application.  The  technical  issues 
that  have  been  explored  are  summarized  as  follows: 

1.  The  relationship  of  NOj,  reduction  to  reburner  stoichiometry  (relative 
amounts  of  fuel  and  oxidizer). 

2.  The  influence  of  reburner  inlet  gas  conditions  (temperature  and  NOj^ 
concentration)  and  flow  parameters  (total  flow  rate  and  shroud 
configuration)  on  tlie  reburning  process. 

3.  Tlie  effect  of  adding  gaseous  ammonia  (source  of  additional  NHj 
radicals)  to  the  reburning  fuel. 

The  experimental  parameters  and  the  range  over  which  they  were  varied  are 
listed  in  Table  6.  Subject  to  the  constraints  of  the  apparatus  and  the  limited 
scope  of  the  program,  efforts  were  made  to  approximate  typical  JETC  exhaust 
conditions  as  much  as  possible.  The  following  subsections  present  the 
experimental  results  and  discuss  the  relationships  between  test  parameters  and 
rebiirnet  performance. 

A.  APPARATUS 

The  dedicated  reburning  test  reactor  used  for  the  laboratory-scale 
experiments  is  depicted  schematically  in  Figure  16.  The  reactor  is  composed  of 
three  sections:  a  methane/air/oxygen-fired  primary  burner,  a  vai iable-sur face- 
area  gas-to-liquid  heat  exchanger,  and  the  test  section,  in  which  the  reburner 
unit  is  located.  The  primary  burner  (maximum  firing  rate:  25,000  Btu/hr) 
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TABLE  6.  TEST  PARAMETERS 


Parameter 

Range 

Reburner  fuel  flow 

0  to  4.0  slpm 

Inlet  O2  concentration 

14  to  19  percent 

Inlet  NOj^  concentration 

500  to  1000  ppm 

Inlet  temperature 

570°  to  900°F 

Total  exhaust  flow  rate 

64  to  130  slpm 

Shroud  open  area 

0  to  100  percent 

Ammonia/NO  molar  ratio 

0  to  2 

supplies  a  flow  of  hot  combustion  gas  of  controllable  composition.  Independent 
control  of  total  combustion  gas  flow  and  oxygen  concentration  is  achieved  by 
adjusting  the  relative  flow  rates  of  air  and  oxygen  to  the  burner.  At  tlie 
i)uiner  exit,  the  gas  stream  is  doped  with  pure  NO  to  bring  the  overall  gas 
concentration  to  the  desired  level.  Gases  leaving  the  burner  pass  through  the 
heat  exclianger,  wliich  serves  to  reduce  gas  temperature  entering  the  te‘'' 
section.  Tlie  heat  exclianger  section  consists  of  water-cooled  stainless  steel 
tubes  inserted  perpendicular  to  the  gas  flow.  The  gas  exit  temperature  is 
regulated  by  varying  the  number  of  tubes  in  the  exhaust  gas  flow.  Exit  temper¬ 
atures  in  the  range  of  500°  to  1000'’F  were  attainable  using  this  technique. 

The  test  section  incorporates  the  reburner  assembly  and  several  thermo¬ 
couple  and  gas  sampling  ports.  The  reburner,  which  will  be  discussed  shortly 
in  more  detail,  is  a  jet-diffusion  type  and  is  located  near  the  entrance  of  the 
test  section.  Gas  temperature  downstream  of  the  reburner  is  measured  at 
several  locations  along  the  length  of  the  test  section  with  type  K  tliermo- 
cnuples.  To  minimize  heat  loss  to  ambient,  the  test  section  is  insulated  both 
internally  (with  a  fibrous  alumina  cylindrical  liner)  and  externally.  However, 
because  of  the  vet y  large  differential  between  gas  and  ambient  temperatures, 
some  temperature  drop  along  the  flow  axis  does  occur.  Figure  17  sliows  test 
section  centerline  temperature  profiles  (900°F  inlet  temperature)  for  three 
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Figure  16.  Rebiirner  Test  Apparatus. 
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Figure  17.  Axial  Centerline  Temperature  Profiles. 

different  methane  flows.  As  would  he  expected,  reburner  exhaust  gas  temper- 
atuie  inci eases  substantially  with  increases  in  fuel  flow.  In  addition,  the 
shape  of  the  temperature  profile  varies  according  to  fuel  flow  rates.  Tlie 
lelatively  small  axial  temperature  gradient  of  the  high  fuel  flow  case  is 
a  t  1 1  i  hu  t  alii  e  to  the  extended  length  of  the  comliustion  zone. 

To  deteimine  gas  composition,  sampled  gases  were  withdrawn  from  the 
leactor  by  means  of  a  water-jacketed  stainless  steel  probe  at  a  port  approxi¬ 
mately  50  inches  (127  cm)  downstream  of  the  reburner.  This  location 
corresponds  to  a  nominal  postreburning  gas  residence  time  (depending  on 
temperature  and  gas  flow  rate)  of  200  to  700  ms.  The  sampled  gases,  cooled 
rapidly  by  convection  to  the  cold  tube  walls,  were  passed  sequentially  through 
an  icebatli  water  trap,  particulate  filter,  and  gas  permeation  membrane  drier 
(which  removed  any  residual  water  vapor)  before  being  directed  to  a  battery  of 
on  line  continuous  gas  analyzers.  The  measured  gas  components  included  the 
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following:  CO  and  CO2  (Beckman  Model  864  nondispersi ve  infrared  meters),  O2 

(Teledyne  Model  320A  detector)  and  NO/NOj^  (TliermoElec t ron  Model  lOAR 
chemiluminescent  analyzer).  The  gas  analyzers  were  calibrated  with  the 
appropriate  certified  gas  standards  before  the  start  of  each  series  of 
experiments.  To  limit  reactions  of  tiie  components  of  interest  (specifically 
NO/NO^)  within  the  sampling  lines,  all  surfaces  contacting  the  gas  stream  were 
fabricated  from  Teflon  or  passivated  stainless  steel. 


The  laboratory-scale  reburner  employed  for  these  experiments  (shown  in 
Figuie  10)  is  modeled  on  a  commercially  available  shrouded  duct  burner  used  for 
heating  gas  streams  in  industrial  processes.  This  burner  design  is  believed  to 
bo  well  suited  to  the  reburning  application  because  it  provides  for  staged  mix¬ 
ing  of  fuel  and  oxidizer  and,  hence,  promotes  the  piesetice  of  locally  fuel-rich 


Figure  18.  Laboratory-Scale  Rebvirner  Schematic. 
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legions,  viiich  are  critical  for  the  reduction  of  NO  by  flame  radicals.  The 
mixing  rate  of  the  fuel  and  oxidizer  can  be  adjusted  by  varying  the  shroud  open 
area.  For  most  of  the  experiments  discussed  herein,  a  shroud  fabricated  from 
pe! {orated  stainless  steel  with  36  percent  open  area  was  used.  As  will  be 
discussed  later,  the  influence  of  the  shroud  open  area  on  NOj^  reduction  was 
.issf^sccfl  liy  conducting  experiments  with  a  solid  shroud  (0  percent  open  area)  in 
pi  arc'  and  with  the  shroud  removed  percent  o[)en  area).  The  shroud  angle 

(f corned  b\’  shroud  "wings"  and  axis  of  gas  flow)  was  set  arbitrarily  at 
id  degiees.  The  projected  area  of  the  shroud  is  1.56  inch^,  or  about 
iui  percent  of  the  duct  cross-sec  t  iirna  1  .iiea.  The  reburner  methane  is  injected 
loaxially  with  the  gas  flow  through  three  holes,  spaced  by  5/16  inch,  drilled 
i.i'iially  i  tr  the  1/4  inch  stainless  steel  gas  tube.  The  shroud,  wlrich  is 
attacdied  to  the  gas  tube  with  retainirrg  rings,  is  centered  in  the  drret. 

Measu I  omen t s  of  differential  pressure  across  the  burner  indicated  undetectable 
(<  ''•.1  in  V.G.)  pressure  drop,  even  at  tire  maximum  gas  flow  rate.  A  photograph 
of  tire  prototype  relrui  iier  is  sliown  in  Figure  19. 


Figure  19.  Photograph  of  Laboratory-Scale  Reburner. 
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The  range  of  operation  over  wiiich  a  stable  rehurning  flame  can  be  obtained 
is  paiticularly  significant  because  tlie  NOv  reduction  proc:ess  is  piedicted  upon 
a  stable  flame  being  present.  Initial  testing  of  the  shrouded  reburner  at 
•  '.pical  expel  imental  conditions  (90<)'’F  inlet  temperature)  revealed  that  the 
(nset  of  flame  instability  occurred  when  the  inlet  oxygen  concen t i a t i on  was 
1  <  dnceil  lie  1  ov  14  percent.  Operation  at  lowei  oxygen  concentrations  can  be 
achie'/'ed  by  employing  an  auxiliary  ignition  sriurce  (such  as  an  electrically 
heated  surface  or  a  shielded  ptemixed  pilot  flame)  to  maintain  flame  stability. 
Vendo! s  of  commeicial  duct  burneis  guarantee  flame  stability  down  to  12  percent 
Oi.  I  .i rger  seal e  tests  are  expected  to  yield  stable  flames  over  a  wider  range 
of  exhaust  conditions. 


B.  TFST  RFSULTS 


1.  Fffect  of  Stoichiomet t y 

Ihe  goal  of  the  first  set  of  expcM  iments  was  to  investigate  the 
lelationship  hetteen  leliuiner  s  t  o  i  <'h  i  onie  1 1  y  and  the  NO...  reduction.  This 
naianirt'M'  is  of  pr  imaiy  importance,  since  it  establishes  the  amount  of  reburnei 
fuel  necpssaiy  (at  a  given  inlet  oxygen  conren t ra t i on )  to  achieve  the  required 
'io,.  1  edne:  t  i  ons  .  Measurements  of  pos  1 1  ebui  n  i  ng  NOy  concentration  were  made  at 
Hitee  inlet  oxygen  levels  (14,  15,  and  10  petcent)  and  several  reburner  methane 
flows  (vatied  between  0.5  and  4.0  standatd  liters  per  minute).  To  i.solate  the 
effect  of  .stoichiometry  on  NOy_  leduction,  inlet  N<'y  concentration  (1000  ppmV), 
iiilff  tcmpeiatiire  (000°F),  and  total  inlet  gas  flow  (65  slpm)  were  kept 
'■nnstant  foi  all  inns  in  this  series. 


To  facilitate  interpretation  of  th*^  experimental  data,  the  principal 
quantity  of  interest  is  the  percentage  of  NOy  reniocod  from  the  incoming  g.as 
stieam  hy  the  rebntning  proces.s.  Tlie  equation  used  to  calculate  the  NOy 
tediirtion  percentages  from  the  measured  quantities  is  given  as  follows: 


X  NO  reduction 
X 


1 


out  let,  dry  basis 
^  inlet ,  dry  ba.si-s 


^  ^H^O,  inlet 

^  *  ^H^O,  outlet 


*^total ,  outlet 
^total,  inlet 


X  100 
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This  ex[)iession  coitei  ts  the  nieasuied  outlet  NO,^  concentration  for 
fion  !i;,-  irTiuiiiet  (!fi^  ami  foi  ineieased  vatf'r  vapor  content.  The  NOj^ 

CM  i  1 ,1 1  i nils  aie  nicasvii  ed  on  a  oi  y  basis  by  tlie  on-line  analyzei  .  Inlet  and 
ni  tntal  pas  tlnw  lates  and  vatet  vapot  concentrations  are  calculated  from 
"1  ti  i,.(i  pas  Mnvs  vitii  the  assumption  tliat  all  the  reburner  methane  reacts 
oi’i  co  i  and  ritfa  .  The  rat  in  nl  niti  ic  oxide  (No)  to  total  NOj^  remained 
' 'onstant  fiu  all  mea  su  i  rmen  t  (0.00  to  0.93),  thus,  it  is  not  necessai'/ 
i  s  *  ;  npu  !  sli  hetveen  No  and  No...  t  (dut  t  i  latt  behavior. 


rxpt'M  imc'iital  ly  detPiniiued  s-.iluc:,  ot  No...  leduction  varied  froin  a 
o”;  (it  ;  ein  to  a  iiinxinaim  <>1  ('ii  pi  m  nut  .  !n  Fipure  20  the  data  have  been 
t  c  (i  a  a  iiiiwtinii  ot  lebuinet  liartinnal  lieat  input,  and  in  Figure  21  as  a 
''I’ll  nl  ifbutmt  fuel  e(|U  i  v.i  1  cm  r  ratio.  These  parameters  differ  in  that 
■'oetinnal  tmat  input  I ,,  p,„„  ‘  "rn  p,  i  >  )  ' function  of 

lln'.s  only,  win  I  eas  tiro  fuel  cciuivaleme  ratio  indicates  relative 

■  of  fuel  and  oxi'lirei  in  tiie  tehuiiiet  zone.  Inspection  of  the  first 


Figttre  20.  NOy  Reduction  as  a  Function  of  Rebrtrn  Fuel  Flow  Rate. 
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FUEL  EQUIVALENCE  RATIO 


I'iRUte  21.  NO.,.  Reduction  as  a  Fumtion  of  Fuel  Equivalence  Ratio. 

j-riapli  tienions  1 1  a  t  OS  tliat  the  NO.,,  leduction  is  i  elated  botli  to  the  fractional 
lirat  input  and  to  the  inlet  oxygen  concentration,  i.e.,  di.stinct  trends  of  NOj^ 
rfduftion  veisus  fractional  heat  in[)ut  can  lie  assigned  to  each  of  the  three 
•/aluc.'-:  of  oxygen  concentration.  As  the  inlet  oxygen  concentration  is  increased 
fiom  14  to  19  percent,  the  percentage  of  NO.,,  removed  at  a  given  reburner  heat 
input  progressively  decreases.  Even  at  the  mo.st  favorable  condition  (14 
peirrnt  oxygen),  substantial  NO^.  reductions  (>  30  percent)  are  not  achieved 
uttfil  the  fuel  fractional  input  ap])roarhes  50  percent,  which  corresponds  to 
crjual  lates  of  jet  engine  and  reburner  fuel  flow. 

In  Figure  21  the  variation  in  NOj.  reduction  is  shown  as  a  function  of 
tlie  calculated  fuel  equivalence  ratio.  The  fuel  equivalence  ratio  (<t>p)  is 
defined  as  the  ratio  of  fuel  to  oxygen  divided  by  the  stoichiometric  ratio  of 
fuel  to  oxygen.  On  this  scale,  values  less  than  unity  represent  fuel-lean 
conditions  (zero  corresponding  to  no  rebiirner  fuel  flow)  whereas  values  greater 


than  unity  signify  a  fuel  rich  environment.  All  testing  in  the  present  study 
was  conducted  at  fuel  equivalence  ratios  less  than  unity.  In  this  case,  a 
single  curve  approximates  the  data  for  all  three  oxygen  concentrations.  In 
tliis  manner,  tiie  NO^  reduction  can  be  shown  to  be  a  simple  function  of  the 
ec|uivalence  ratio.  At  values  of  the  equivalence  ratio  less  than  about  0.7 
(4.5  percent  Go  exiting  the  reburner  at  an  inlet  O2  concentration  of 
15  percent),  the  curve  rises  relatively  gradually,  while  at  higher  values  the 
cuive  liecomes  considerably  steeper,  indicating  that  locally  fuel-rich  condi¬ 
tions  peisist  long  enough  to  reduce  NO^^.  The  target  value  of  50  percent 
reduction  is  attained  at  an  ecjuivalence  ratio  of  about  0.87  (2  percent  excess 
(1.)  starting  from  15  percent  02)- 

The  results  from  this  set ies  of  tests  stiggest  that  at  the  tempera- 
tuicxs  and  flows  present  in  the  reactor,  only  small  amounts  of  NOj^  reduction  are 
possibie  when  the  overall  reburner  stoichiometry  is  fuel-lean.  When  enough 
fuel  is  added  to  bring  conditions  close  to  stoichiometric  (and  that  amount 
di’pcnds  on  the  concentration  of  oxygen  in  the  exhaust  gas),  much  more  efficient 
NO...  removal  is  observed. 

2.  Effect  of  Inlet  NO„  Concentration 

It  is  anticipated  that  engine  NO^.  emissions  will  vary  widely  accord¬ 
ing  to  jet  engine  type,  load,  and  fuel  content.  In  addition,  the  reburner 
inlet  NO.^  roncent  ra  t  ion  in  the  proposed  JETC  application  would  depend  on  the 
degree  of  dilution  of  the  engine  exhaust  by  the  augmenter  air.  For  this 
tea.son,  it  is  important  to  examine  the  effect  of  inlet  NOj^  concentration  on 
acfiieved  reduction.  Figure  22  shows  the  variation  of  NOj^  reduction  w'i  th 
teluitnei-  fuel  equivalence  ratio  for  two  different  inlet  NO^,  concentrations  (550 
and  1000  ppm).  For  these  experiments,  inlet  oxygen  concentration  and  temper¬ 
ature  were  maintained  at  constant  values  of  15  percent  and  900°F,  respectively. 
The  graph  demonstrates  that  for  a  given  fuel  equivalence  ratio,  substantially 
greater  percentages  of  NO^  reduction  occur  for  the  higher  value  of  inlet  NOjj 
concentration  (1000  ppm).  For  example,  at  a  fuel  equivalence  ratio  of  0.82, 
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F'iguiP  ?2.  Effect  of  NO^^.  (^oncpnlt  of  ion  on  Rehtnning  NOv  Reduction. 

trhiiiiiing  pi  (idiicro  48  percent  Mtly  reduction  at  the  liigher  inlet  concentration, 
vhi  If  only  13  percent  i.s  removed  at  the  lov/ei  concentration. 

A  further  reduction  in  inlet  concentration  could  be  expected  to 

lead  to  an  additional  decrease  in  NO.^.  removal  efficiency.  This  result  suggests 
ttiat  arhieving  optimal  rehurning  conditions  in  the  JF.TC  application  requires 
thai  the  augmentation  latio  be  ke(>t  to  a  minimum.  Increased  dilution  of  the 
jet  engine  exhaust  with  bypass  air,  although  not  affecting  NOj^  emissions  on  a 
lli/MBtu  basis,  would  increase  oxygen  concentrations  and  decrease  con¬ 

centrations  in  the  mixed  gas  stream,  both  of  which  are  unfavorable  for 
efficient  leburner  NOv  removal.  Therefore,  tlie  augmentation  ratio  should  be 
set  at  the  minimum  value  for  stable  operation  of  the  reburner. 
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Effect  of  Inlet  Temperature 


3. 


In  the  JETC  application,  the  teburner  inlet  temperature  is  expected 
to  vaiy  ovet  a  large  range.  While  constraints  of  the  experimental  apparatus 
piecluded  testing  of  the  model  reburner  over  the  full  temperature  range  typical 
ot  the  JETC,  a  series  of  tests  was  conducted  at  inlet  temperatures  of  570°, 

,»riu  100 ■'I,  which  repiesent  a  (jartial  span  of  the  expected  operating 
conditions  of  a  JETC.  The  resulting  trends  of  NO^.  reduction  as  a  function  of 
fuel  equivalence  ratio  are  displayed  in  Figure  23.  At  relatively  small  values 
of  the  fuel  equivalence  ratio  (<  0.7),  diminished  NOj^  reduction  is  exhibited  at 
the  lowest  temperature.  No  difference  can  be  discerned  between  the  curves 
representing  the  two  higher  temperature  cases.  As  the  fuel  equivalence  ratio 
is  increased,  the  discrepancy  in  NOj,  reduction  between  the  high  and  low 
tompet ature  runs  becomes  progressively  smaller.  Eurther  testing  is  necessary 
to  rlcteri.iine  whether  similar  trends  are  seen  at  still  lower  temperatures. 


0  0.2  0.4  0.6  0.8  1 .0 

FUEL  EQUIVALENCE  RATIO 


Eigure  23.  Effect  of  Inlet  Exhaust  Temperature  on  Reburner  NOj^  Reduction. 
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From  these  data,  it  is  not  expected  that  JETC  exhaust  temperature 
'/ould  have  a  strong  effect  on  reburner  pet formance. 

4.  Effect  of  Total  Gas  Flow  Rate 


The  total  gas  flow  rate  at  t!ie  rcburner  inlet  represents  another 
significant  process  parameter  that  varies  over  a  large  range  in  the  JETC 
application.  To  study  the  effect  of  changing  exhaust  gas  flow  rate,  runs  were 
perioLnied  in  tlie  reburning  test  reactor  at  flows  of  65,  91  and  130  slpm.  For 
this  seiies  of  experiments,  inlet  gas  temperatures  were  maintained  at  a  con¬ 
stant  vaUie  of  90t)°F.  At  the  two  lower  flow  rates,  an  inlet  oxygen  concentra¬ 
tion  of  15  percent  was  used;  however,  a  minimum  inlet  oxygen  concentration  of 
18  percent  was  required  to  ensute  flame  staliility  at  the  highest  flow  rate. 

Results  tor  the  three  sets  of  data  are  plotted  in  Figure  24.  It  is 
clear  that  the  total  flow  rate  has  an  important  effect  on  the  reburner 
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Figure  24.  Effect  of  Exhaust  Gas  Inlet  Plow  Rate  on  Reburner  NOjf  Reduction. 
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I't'i  f (u  niance .  Data  taken  at  the  lowest  i  low  rate  show  that  the  amount  of 
ledurtion  a[)peais  to  increase  relatively  gradually  with  increa^-  ^  in 
CKju  i  va  leiice  ratio.  At  the  higher  flow  rates,  NOj^  reduction  remains  near  zero 
until  a  threshold  value  of  equivalence  ratio  is  approached  (approximately  0.5) 
at  wliich  point  the  NOv  reduction  begins  to  increase  dramatically.  At  values  of 
the  equivalence  ratio  greater  than  0.6,  the  NO.^  reduction  obtained  at  the 
higher  tlo',/  tares  is  substant  ial  ly  greater  tiian  that  observed  in  the  low  flow 
rate  case. 

Two  impoi  taut  effects  of  increasing  flow  rate  on  the  reburning 
pi nress  can  be  identified.  First,  reburner  outlet  temperature  is  increased  Ity 
the  higher  lates  of  heat  release.  The  second  effect  is  the  change  in  mixing 
cha I ac t er i s t  i  cs  caused  by  the  increases  in  gas  velocity.  It  should  be  noted 
that  the  flow  conditions  (velocity  profiles,  turbulence,  acoustically  induced 
ga,'-  flows)  that  are  present  in  a  JETC  are  vastly  different  from  those  in  the 
'■mall  scale  lahoratory  apparatus  in  which  tliese  experiments  were  conducted.  It 
is  fherefoie  possilrle  tliat  reburner  NO...  removal  effectiveness  could  be  consid- 
I'lahly  better  (oi  wot  se)  in  the  JETC  environment  than  was  observed  on  a 
lahoratory  .scale,  as  long  as  flame  instability  does  not  result  from  these  same 
PI  i  1  ng  cond  i  t  i  ons  . 

5.  Effects  of  Burner  Configuration 

As  discussed  previously,  the  pt esence  of  the  burner  shroud  serves  to 
contiol  the  late  at  which  mixing  of  fuel  and  oxygen  occurs.  The  reburning 
piotpss  i known  to  be  sensitive  to  mixing  rate,  and  thus  it  might  be  antici- 
patpfi  that  the  amount  of  reduction  achieved  by  reburning  is  affected  by  the 

'Jitmid  con  f  i  gui  a  t  i  on  or,  more  specifically,  the  percentage  of  shroud  open  area. 
In  as.ses.s  the  eff'^ct  of  shroud  open  area  on  NOj^  reduction,  experiments  were 
f oikIik  ted  with  the  burner  shroud  removed,  and  also  with  a  solid  burner  shroud 
f.ihi  icaterl  from  s ta inless -s teel  slum  plate  in  place.  The  results  of  these 
ex pet  i men t s  were  compared  with  those  previously  obtained  using  the  shroud 
fahiieatpd  from  perforated  stainless- s teel  sheet  with  36  percent  open  area. 
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Figure  25  shows  NOj^  reduction  plotted  against  fuel  equivalence  ratio 
for  each  of  the  three  shroud  configurations.  All  runs  were  conducted  at  the 
relatively  high  inlet  O2  concentration  of  19  percent;  this  much  O2  was  required 
to  sustain  combustion  in  the  sliioudless  burner.  Examination  of  the  curve  shows 
that,  although  some  scatter  is  evident,  no  systematic  variation  of  reduction 

with  shroud  open  area  can  be  discerned.  Tins  lesult  suggests  that,  witiiin  the 
lange  of  conditions  necessary  to  estaltlish  a  stable  reburning  flame,  the  reburn- 
iiig  process  NO-,,  reduction  is  not  as  sensitive  to  moderate  variations  in  fuel/gas 
mixing  rate  as  might  liave  been  expectefl;  bowever,  tliis  could  be  an  artifact 
(.Mist'd  by  flame  i  ns  talii  1  i  t  ies  inherent  to  the  small  scale  of  the  expeiiment. 


Figure  25.  Effect  of  Reburner  Shioud  Configuration  on  NOj^  Reduction. 

6.  Effect  of  Ammonia  Addition 

ft  is  known  that,  at  the  appropriate  temperatures  (1750°  to  1900°F), 
ammonia  will  react  selectively  with  NO,^,  pioducing  molecular  nitrogen  and  water 
vapor.  To  explore  the  prospect  of  enhancing  rehurner  performance  through 
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addition  of  a  small  amount  of  ammonia  to  the  fuel,  a  series  of  experiments  was 
conducted  in  which  varying  amounts  of  gaseous  ammonia  were  mixed  with  the 
icl)ULnrr  methane.  The  ammonia  flows  were  set  to  give  molar  ratios  of  NH3/NO  in 
t  hf'  !  ange  of  U  to  2.  Measurements  w'ere  taken  at  two  different  methane  flows: 
inlet  trmpeiatutes  and  oxygen  concentrations  were  kept  constant  for  each  run. 

The  lesults  are  displayed  in  Figure  26.  At  the  lower  fuel  flow  rate, 
.cimonia  addition  has  a  small  negative  effect  on  NOj^  reduction,  which  becomes 

pi  onounced  with  increases  in  ammonia  flow.  At  the  higher  fuel  flow  rate, 
■-•f  1  y  little  effect  is  evident.  It  is  clear  that,  rather  than  enhancing 
I  chinning  NO.,  leduction,  the  ammonia  can  act  as  an  agent  for  NO^,  production, 
similar  in  effect  to  fuel  nitrogen.  Thus,  ammonia  addition  is  not  considered 
appropriate  for  improving  N0y_  reduction  by  reburning.  In  addition,  the  fact 
that  ammonia  oxidizes  under  the  reburning  conditions  indicates  that  oxidizing 
conditions  dominate  the  flow  field  produced  by  the  experimental  reliurner  and 
that  optimal  relnirning  conditions  were  not  achieved. 


Figure  26.  Effect  of  Ammonia  Addition  to  Reburning  Process. 
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7. 


System  Reduction 


Current  EPA  NOj^  emission  regulations  are  based  not  on  an  exhaust  gas 
I'pni  level,  but  on  a  mass  basis  referenced  to  the  licat  input  from  the  fuel. 
Iyi)icai  units  for  N(\.  emissions  include  lb  N02/million  Btu  input  from  the  fuel, 
oi  gi ams  N02/kilogtam  of  fuel.  Consistent  with  this  convention,  NOj^  emissions 
f  I  om  a  JETC  should  be  leferenced  to  heat  input  from  tlie  fuel,  including 
I  (  burn ing  fuel . 

Figure  7-1  shows  NOj.  emissions  in  Ib/MBtu  plotted  as  a  function  of 

I  I'lMu  n/cngine  fi.iel  latio  (Btu  basis).  Data  for  inlet  NO,^.  concentrations  of 
M'l'O  ppm  (2.4  Ib/MBtu)  and  550  ppm  (1.3  Ib/HBtu),  are  plotted.  Since  tlie 
devigu  study  assumed  an  inlet  NO^.  level  of  0.6  Ib/MBtu  (250  ppm  of  NO.^  at 

II  poiv-ent  O2),  a  tliird  curve  extrapolated  from  tlie  data  is  also  shown.  Note 


(CORRECTED  TO  1 1%  O2) 

Figure  27.  Reburn  System  NOj^  Reduction  Inlet  T  =  890°F. 


48 


tliat  the  NOjj  emission  goal  changes  with  the  amount  of  reburning  fuel  under  this 
scenn) io  because  the  EPA  NOj^  limit  for  gas-fired  stationary  sources  is 
().?  Ib/MBtu.  For  a  combined  liquid/gas-f ired  system,  the  emission  limit  is 
ha'-o'd  on  the  percentage  of  each  fuel  fired  (Btu  basis): 

emission  limit  =  (O.J)  (fraction  of  liquid  fuel)  +  (0.2)  (fraction  of  gas  fuel) 

Expressed  in  this  way,  the  potential  system  reburning  NOj^  reduction 
is  greater,  but  the  emission  goal  is  also  a  moving  target.  Note  that  the 
enii.ssioo  goal  is  met  when  the  lieat  input  from  tiie  reburn  fuel  is  approximately 
P(liinl  to  the  engine  fuel  heat  input.  Thus  the  implementation  of  reburning  will 
he  more  expensive  than  originally  anticipated.  Although  improvements  in 
rel)urning  fuel  consumption  are  probable  based  on  limited  tests  at  higher 
exhaust  flow  velocities,  our  best  guess  right  now  is  that  a  reburn/engine  fuel 
ratio  of  at  least  0.6  will  be  required  at  military  or  afterburner  tlirust 
ffuid  i  t  i  ons  . 

8.  Summary 

The  noteworthy  findings  of  the  laboratory-scale  reburning  tests  can 
he  .'■uimma  r  i  zed  as  follows: 

1.  Reburning  NOj^  reduction  effectiveness  was  determined  to  be  primarily 
a  function  of  the  overall  fuel/oxygen  stoichiometry.  It  was  found 
that  at  very  fuel-lean  conditions  (fuel  equivalence  ratio  <  0.5), 
only  small  NOj^  reductions  (<  20  percent)  were  observed.  When 
rebtirner  fuel  flow  was  increased  to  produce  a  smaller  excess  of 
oxygen,  more  substantial  NOj^  reductions  occurred.  A  maximum  NOj^ 
reduction  of  60  percent  was  achieved  at  an  equivalence  ratio  of  0.94, 
which  is  still  in  the  fuel-lean  regime. 

2.  Inlet  NOj^  concentration  and  temperature  were  both  determined  to 
affect  reburner  performance.  Reducing  inlet  NOj^  resulted  in  a 
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decrease  in  the  percentage  of  NOj^  removed  by  reburning  at  a  given 
reburner  fuel  flow.  Reducing  temperature  from  900°  to  570°F  had  a 
small  detrimental  effect  on  NOj^  removal  at  lower  reburner  fuel  flows; 
at  higher  flows,  no  variation  with  inlet  temperature  was  detected. 

3.  Reburner  performance  was  found  to  be  invariant  with  respect  to  the 
burner  shroud  open  area.  However,  increasing  total  exhaust  flow  rate 
had  a  beneficial  effect  in  terms  of  improving  NOj^  removal  effi¬ 
ciencies  at  higher  values  of  the  equivalence  ratio. 

4.  The  addition  of  ammonia  to  the  reburner  fuel  at  low  flow  rates  (com¬ 
parable  to  tiie  NO  flow  rate)  had  a  small  negative  effect  on  rebnrner 
performance  which  became  mote  pionounced  as  ammonia  flow  was 
increased . 
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SECTION  V 

TECHNICAL  AND  ECONOMIC  FEASIBILITY 


Based  on  the  test  results,  the  preliminary  rehurning  system  has  been 
revised  and  a  "ballpark"  estimate  of  capital  and  operating  costs  has  been  per¬ 
formed  for  the  large  JETC  at  Tinker  Air  Force  Base.  The  only  change  to  the 
rehurning  system  is  the  number  of  reburner  units.  Instead  of  utilizing  one 
iclnirner,  we  have  now  specified  four  reburners,  each  rated  at  150  MBtu/hr 
input.  This  change  will  have  nominal  impact  on  capital  costs,  but  a 
significant  effect  on  operating  costs  as  described  below. 

A.  COST  ESTIMATE  METHODOLOGY 


Tfic  method  used  to  arrive  at  capital  and  operating  costs  in  tins  study  is 
based  on  the  methodology  recommended  by  Electric  Power  Research  Institute 
(FPR!)  (Reference  15).  Appendix  A  (extracted  from  this  reference)  provides  an 
outline  f)[  the  cost  components  considered  and  an  example  of  the  format  that  is 
discussed  here. 

The  Total  Capital  Investment  (TCI)  is  one  of  the  most  important  results  of 
the  economic  analysis.  The  TCI  represents  the  sum  of  the  Total  Plant  Cost 
(I'PC),  royalties  (wheie  ap[)l  icahle) ,  preproduction  costs,  inventory  capital, 
arirl  initial  catalyst  and  chemical  charge.  The  cost  of  land  is  not  included 
here  since  this  is  a  retrofit  application  on  existing  land.  A  royalty  allow¬ 
ance  equal  to  0.5  percent  of  the  process  capital  is  used  on  proprietary 
processes.  Process  Capital  is  defined  as  the  total  cost  of  each  unit,  includ¬ 
ing  equipment  and  all  installation  costs  (labor  and  materials).  The  pre- 
[)ioduction  costs  consist  of  the  following:  1  month  of  fixed  operating  costs, 

1  month  of  variahle  operating  costs  at  full  capacity,  and  2  percent  of  TPC. 

Ihe  last  ciiarge  covers  modification  to  the  equipment  needed  during  startup. 

Ihe  inventory  capital  is  equal  to  60  days  of  variable  operating  costs,  exclud¬ 
ing  jiower,  steam,  process  water,  and  disposal  costs.  The  initial  supplies  and 
mateiials  cost  accounts  for  supplies  needed  to  start  up  the  unit.  In  the  case 
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of  process  requiring  a  catalyst,  tlie  equipment  cost  does  not  include  the 
catalyst  cost.  Instead,  the  initial  catalyst  is  accounted  for  in  the  startup 
costs.  For  process  chemicals,  a  15-day  supply  is  assumed  as  an  initial  charge. 

The  TPC  is  the  sum  of  Process  Capital,  General  Facilities  Cost, 

Engineering  and  Home  Office  Fees,  and  Project  Contingency  Cost.  The  Process 
Contingency  used  in  the  EPRI  Methodology  accounts  for  the  effect  of  the  status 
of  process  development  on  the  design  and  cost  of  commercial- scale  eq'c.ipment. 

Vo  do  noj:  apply  a  process  contingency  to  the  capital  cost;  instead  we  use  the 
piol)ahility  of  technical  success  as  a  sepaiate  measure  of  the  status  of  process 
i|o ve  1  opmen ,  In  addition,  the  EPRf  Metliodology  includes  an  allowance  for 
escalation  of  constiuction  costs  ovei  tlie  construction  period,  which  is  not 
n.sed  in  this  analysis  because  the  constiuction  period  for  the  JETC  modification 
is  expected  to  lie  short.  The  Genet al  Facilities  charge  and  the  Engineering  and 
Hume  office  Fees  are  assessed  at  5  and  lO  percent  of  the  Process  Capital, 

I espec t i vel y .  The  Project  fiontingency  Cost  is  computed  as  20  percent  of  the 
'-iim  of  the  Process  Capital  and  General  Facilities  costs  as  appropriate  for  a 
pieliminary  design.  The  Process  Capital  (sometimes  referred  to  as  the 
installed  equipment  cost)  is  tlie  total  constiucted  cost  of  all  equipment, 
including  direct  and  indirect  ctinstruct ion  costs.  Fees  for  freight  and  sales 
tax  ate  included  in  tlie  equipment  cost.  Direct  installation  costs  account  for 
rlir  labor  and  materials  costs  of  installation,  including  costs  for  site 
ptcparafion  and  buildings.  Indirect  installation  costs  consist  of  the 
following:  engineering  and  supervision  labor,  construction  and  field  labor, 

any  rons t i uc t i on  fees,  and  a  small  contingency  fee. 

The  Operating  and  Maintenance  Cost  is  the  sum  of  operating  labor,  main¬ 
tenance  (labor  and  materials),  and  overhead  labor.  The  annual  maintenance 
costs  are  estimated  as  a  percentage  of  tlie  process  capital  cost.  Tlie  EPRI 
methodology  suggests  maintenance  cost  factors  for  different  technologies.  The 
maintenance  cost  is  broken  down  as  40  percent  labor  and  60  percent  materials. 
The  overhead  charge  is  computed  as  30  percent  of  the  operating  and  maintenance 
labor  and  is  a  charge  for  administrative  and  support  labor. 
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Following  the  EPRI  methodology,  the  Operating  and  Maintenance  Cost  is 
hioken  down  into  a  fixed  component  and  a  variable  component.  The  fixed 
ojx^rating  ad  Maintenance  cost  is  the  product  of  the  capacity  factor  (or  the 
utilization)  and  the  annual  Operating  and  Maintenance  Costs;  the  balance  of  the 
(’('St  is  assumed  to  be  variable.  The  Variable  Operating  cost  has  two  compo- 
iH'iits:  consumables  (power,  chemicals,  etc.)  and  operating  and  maintenance,  as 

described  above. 

The  total  annual  operating  cost  is  the  sum  of  the  fixed  Operating  and 
Maintenance  cost,  the  Variable  Operating  cost,  and  the  cost  of  capital.  Tlie 
cost  of  capital  is  based  on  a  12-year  depreciation  period  at  10  percent 
infciest.  The  yearly  charge  for  the  cost  of  capital  is  15  percent  of  the  total 
(apital  investment.  The  operating  cost  is  expressed  in  millions  of  dollars  per 
ycai .  The  total  operating  time  of  the  facility  has  been  assumed  to  be 
Hi'O  hr/yr. 

B.  COST  ESTIMATE  FOR  A  600  Ib/s  JETC 

Capital  cost  estimates  for  the  JETC  reburning  application  have  been 
ex 1 1 npo la  ted  from  similar  studies  performed  for  EPRI  by  PSIT,^^^^  as  well  as 
r I om  vendor  quotations  for  the  gas  analyzers.  This  type  of  estimate  has  a 
piohahle  accuracy  of  +30  to  50  percent. 

The  capital  costs  are  summarized  in  Table  7.  The  reburner  design  was 
discussed  informally  with  Babcock  &  Wilcox  Company  (B&V),  a  potential  Phase  III 
[lai  tner.  The  cost  of  each  150  HBtu/hr  rcburner  is  based  on  their  installed 
rost  for  a  similar-sized  natural  gas  burner  plus  a  25  percent  premium  for 
(Mistom  design  and  fabrication.  The  combustion  chamber  cost  was  based  on  total 
weight  of  steel  contained  in  a  cylinder  20  feet  in  diameter,  50  feet  long,  and 
1  inch  thick.  The  delivered  cost  of  steel  was  taken  as  about  $1  per  pound. 

BdW  K  28  refractory  brick  was  included  as  insulation  for  the  combustion  chamber. 
Foundations,  ductwork,  damper,  and  control  costs,  as  well  as  all  installation 
costs  were  scaled  from  the  aforementioned  EPRI  study.  The  gas-monitoring 
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TABLE  7.  CAPITAL  COST  SUMMARY 


Deliveied 

Cost 

($) 

Field 

Labor 

($) 

Field 

Materials 

($) 

Total 

($) 

Reburners 

(4  X  150  MBtu/hr) 

150,000 

150,000 

i 

1  1 

1  1 

20,000  j 

i  1 

320,000 

Combustion  chamber 

(20  It  diam  x  50  ft  long) 

160,000 

288,000 

50,000 

495,000 

Foundations  &  support 
steel 

120,000 

1 50 , 000 

20,000 

290,000 

Exhaust  duct  bypass 

1 

175,000 

20,000 

5,000 

200,000 

Two  exhaust  dampers 

90 , 000 

10,000 

— 

100,000 

r'ontioi  system  (controller, 
valves,  electronics) 

50,000 

25,000 

-- 

75,000 

i 

Insulation  &  lagging 

100,000 

400,000 

10,000 

510,000 

Ot  monitors  (2) 

5 , 000 

1 

-- 

— 

5,000 

MOy  monitor 

1 5 , 000 

-- 

— 

15,000 

Natural  gas  piping 

50 , 000 

_ 1_^0 , 0f]0 

10,000 

210,000 

Process  Ca[)ital 

915,000 

1 , 193,0f)0 

115, 000 

2,223,000 

Engineering/Home  Office  Fee  (10%) 

222,300 

Facilities  (5%) 

111 , 100 

Contingency  (20%) 

444,600 

Total  Plant  Cost 

3,001,000 

eiiuipment  costs  are  based  on  vendor  quotes  and  include  sampling  probes  and 
conditioning  equipment.  Readouts  for  the  NOj^  and  O2  instruments  are  included 
in  the  control  system  costs.  It  was  assumed  that  a  natural  gas  pipeline  is 
available  to  the  airbase;  the  cost  of  natural  gas  piping  assumed  that  100  feet 
of  pipe  would  be  required  to  tie  the  reburner  into  the  main  pipeline. 

The  total  Process  Capital  cost  is  estimated  to  be  about  $2.2  million. 
Other  costs  include  engineering  at  10  percent  of  the  process  capital,  general 
facilities  at  5  percent  of  process  capital,  and  a  project  contingency  at 
20  percent  of  process  capital.  The  total  plant  cost  is  approximately 
$5  million. 


Other  costs  often  included  in  the  EPRI  methodology  have  been  neglected  in 
this  study.  Preproduction  costs  are  intended  to  cover  lost  power  generation 
and  inefficient  fuel  use  due  to  operator  training  and  equipment  shakedown. 

Since  the  JETC  facility  does  not  produce  power,  this  cost  factor  has  been 
ignored.  Similarly,  since  the  Air  Force  is  funding  the  process  development 
effort,  tliere  would  be  no  royalty  payments  for  a  commercial  application. 
Inventory  capital,  the  investment  in  fuel  prior  to  startup,  is  not  included 
bocause  we  have  assumed  that  a  natural  gas  source  already  exists  on  site. 

Operating  costs  for  the  600  Ib/s  JETC  are  presented  in  Table  8.  Fixed 
o[ierating  and  maintenance  costs  (the  sum  of  the  first  four  numbers  in  Table  8) 
associated  with  the  test  facility  are  expected  to  increase  by  about  $120,000 
per  year  if  a  reburning  system  were  added.  This  is  based  on  an  assumption  that 
one  extra  facility  operator  will  be  required,  and  that  maintenance  will  cost 
roughly  $89,000  (4  percent  of  process  capital  costs).  This  estimate,  based  on 
industrial  experience,  is  probably  conservative  when  applied  to  a  military  test 
f ac i 1 i ty . 

By  far  the  most  significant  operating  cost  is  the  cost  of  the  natural  gas 
reburning  fuel.  Based  on  800  hr  of  operation  at  an  average  gas  flow  rate  of 
600,000  standard  cubic  feet  per  hour,  the  natural  gas  cost  alone  will  represent 
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TABLE  8.  OPERATING  COST  SUMMARY* 


Operating  labor  (1  person  at  $21/hr  for 

800  hr) 

$  16,800/yr 

Maintenance  labor 

\  4%  of  process 

Mainatenance  materials 

capi tal 

35,600/yr 

53,400/yr 

Administrative  and  support  labor 

15 , 700/yr 

Total  fixed  operating  costs 

$  121,500/yr 

Variable  oeprating  costs: 

Reburn  fuel  at  $3/1000  ft^ 

1,440,000/yr 

Quench  water  at  $0.65/1000  gal** 

31,200/yr 

Cost  of  capital  (15%/yr) 

$  450,000/yr 

Total  annual  operating  cost  = 

$2,042, 700/yr 

*Based  on  800  hr/yr  operation 

**Uarer  cost  would  be  zero  if  facility  lias  1000  gpm  capacity 
al ready 


$1.44  million  per  year.  This  is  the  major  drawback  of  the  system.  For  com¬ 
parison,  a  more  selective  NOj^  reducing  agent  (methylamine ,  investigated  in  a 
painllel  PSIT  project  for  the  Air  Force)  would  cost  only  $200,000  per  year 
(41)11.000  Ih/yr  at  a  delivered  price  of  $0-50  per  lb)  for  the  same  amount  of  NO,^ 
red  lie  t  i  on  . 

Tiie  other  significant  operating  cost  is  the  cost  of  financing  the  capital 
investment.  Based  on  15  percent  per  year  of  total  plant  cost,  the  Air  Force 
would  tie  paying  $450,000/yr  in  finance  charges  during  a  12-year  depreciation 
period  at  10  percent  interest. 
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c. 


OPERATING  COST  SENSITIVITY 


The  total  yearly  operating  cost  for  rehiirning  is  slightly  greater  than 
S2  million.  If  the  reburning  fuel  requirement  were  decreased  by  a  factor  of 
three  by  means  of  additional  rebuiner  development  work  (certainly  an  ambitious 
goal),  the  total  operating  cost  could  be  reduced  to  about  $1  million  per  year. 
Thie  would  still  be  one-third  higher  than  the  projected  total  operating  costs 
foi  the  monomethyl  amine  injection  process.  Another  solution  could  be  to 
minimize  reburning  fuel  by  operating  only  at  peak  NO,^  emissions,  but  with 
operation  would  not  reduce  hydrocaibon  emissions  common  to  low  load. 

One  means  by  which  to  evaluate  the  comparative  economic  promise  of  NOjr 
control  processes  is  by  calculation  of  the  cost-benefit  in  terms  of  dollars  per 
ton  of  removed  NO^,.  In  utility  boiler  applications,  candidate  processes  which 
possess  values  less  than  $1000  per  ton  are  considered  viable.  For  the  JETC 
ichuining  application,  the  cost-benefit  is  about  $10,000  per  ton  of  NO^ 
removed,  ilydrocarbon  and  smoke  emissions  from  JETC  facilities  are  highly 
variable  (ranging  from  1  to  100  lb/1000  lb  fuel  according  to  References  15  and 
1/),  but  if  we  assume  that  an  equal  amount  of  these  pollutants  can  be  destroyed 
by  iGl)urning,  tlie  cost-benefit  is  still  on  order  of  $5,000  per  ton  pollutants 
temnved.  Therefore,  although  reburning  appears  to  be  technically  feasible,  it 
is  economically  unattractive  for  the  JETC  application. 
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SECTION  VI 

CONCLUSIONS  AND  RECOMMENDATIONS 


[n  summary,  NOj^  reductions  greater  than  50  percent  can  be  achieved  using  a 
natinal  gas  reburning  system.  Although  not  included  as  part  of  the  experi¬ 
mental  program,  it  is  expected  that  at  least  a  70  percent  reduction  of  smoke 
and  hydrocarbon  emissions  can  also  be  achieved;  however,  experimental  results 
suggc.st  that  conditions  that  maximize  NOx  reduction  may  increase  the  level  of 
carbon  monoxide  in  the  exhaust  gases. 

Tlie  main  problem  with  the  reburning  process  with  respect  to  the  JETC 
application  is  the  very  high  fuel  requirement.  Our  work  shows  that  lower 
exhaust  oxygen  levels  and  higher  exhaust  temperatures  decrease  reburning  fuel 
i eciu i i emen ts ,  but  wide  variations  in  these  parameters  occur  during  most  JETC 
test  ‘■ycles.  In  the  design  study,  we  have  assumed  a  constant  flow  rate  of 
rebvMiiing  fuel.  With  this  scheme,  we  would  achieve  maximum  NOj^  reduction 
during  afterburner  operation  and  maximum  hydrocarbon/carbon  monoxide  reduction 
during  low-load  operation.  The  fuel  cost  for  this  mode  of  operation  would  be 
about  $1800/hr  of  JETC  operation  ($1440K/yr). 

The  following  steps  could  be  taken  to  reduce  fuel  consumption  and  thus 
improve  the  economic  attractiveness  of  tlie  reburning  process; 

1.  Operate  the  reburner  only  at  loads  greater  than  50  percent  thrust 
(intermediate,  military,  and  afterburner  engine  modes).  This 
procedure  would  reduce  fuel  consumption  by  a  factor  of  2  to  4,  but 
eliminate  the  benefit  of  hydrocarbon/carbon  monoxide  control  since 
these  emissions  are  only  significant  during  engine  idle  and  approach 
modes  where  the  NOj^  concentration  is  low.  This  intermittent  reburn¬ 
ing  scheme  would  require  sophisticated  on-off  control  similar  to  a 
home  heating  furnace. 
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2.  Optimize  NO^  reduction  performance  by  means  of  testing  and 

modification  of  reburner  design,  with  special  attention  given  to 
controlling  the  fuel-exhaust  mixing.  Such  tests  would  require  the 
use  of  a  pilot-scale  facility  to  more  closely  duplicate  the  flow 
conditions  present  in  the  JETC  environment. 

Therefore,  Phase  IT  work  could  consist  of  three  major  thrusts: 

Reburner  Development  Tests 

Reburner  Operation  and  Control  Tests 

Detailed  Engineering  and  Application  Study. 

At  this  time,  however,  reburning  looks  less  attractive  than  the  direct 
injection  of  methylamine  (MMA)  for  achieving  significant  destruction  of  NOj,. 
Therefore,  PSIT  recommends  that  the  MMA  process  be  pursued  immediately;  the 
reburning  Phase  II  scope  should  only  be  initiated  if  the  MMA  work  falls  short 
of  expectations. 
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APPENDIX  A 


EXAMPLE  FORMAT  FOR  CAPITAL  INVESTMENT  AND  REVENUE 
REQUIREMENT  SUMMARY  TABLES 


TITLE 

PLANT  CAPACITY,  FUEL  TYPE,  ETC. 


Capital  Investment  $/k.W 

Procr.ss  Capital^)  A 

Cenei al  facilities  B 

Engineering  and  home  oft  ice  fees  C 

Piojcct  continency  D 

Pt  ocess  con  t i ngency  E 

Sales  tax*^^)  F 


Total  plant  cost  (December  1982  dollars)  TPC 

Total  plant  investment  (January  1983  startup)  TPI 

Royalty  allowance 
Pi  oprodiic  t  ion  costs 
Inventory  capital 
Initial  catalyst  and  chemicals 
I, and 

Total  capital  requirement  (January  1983  startup)  TCR 


A+B+C+D+E+F 
TPC  X  (Ad j .  factor ) 
G 
H 
I 
J 
K 

TPI+G+H+I+J+K 


operating  and  Maintenance  Costs 

( F i rs  t_  Year  -  December  1982  dollars)  $/kV-yr 


Operating  labor 
Maintenance  labor 
Maintenance  materials 
Administrative  and  support  labor 
Total  06.M  first  year 
Fixed  O&M  first  year 


L 

M 

N 

P  =  0.3  (L-t-M) 

CM  =  L+M+N+P 
CF  X  CM  =  FOM  ($/kW-yr) 


,,  ...  ^  OM  X  (1-CF)  X  1000  mills/$  ^ 

Variable  O&M  first  year  = - 8760  x  CF -  ”  (mills/kWh) 

^^Detailed  breakdown  of  the  process  capital  by  plant  section  should  be  presented 
in  a  separate  table  with  field  labor,  field  materials,  and  factory  materials 
shown  separately 

*^)show  sales  tax  here  f  not  already  included  in  A  and/or  B. 
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Mills/kWh 


Consumables  Opera t i ng  Costs  ExcluH i ng  Fuel 
(First  Year  -  December  1982  dollars) 


Water 
Chemicals 
Other  consumables 
Waste  disposal 

Total  consumables  (excluding  fuel) 

By-Product  Credits  (First  Year  - 
D e cember  1982  dollars) 

F uel  Co St  (First  Year  -  December  1982  dollars) 
30  Year  Levelized  O&M  Costs  (Period  1981-2010) 


30-year  levelized  fixed  O&M  LFCM 

10-year  levelized  variable  O&M  LVOM 

10  year  levelized  consumables  O&M  LCM 

(excluding  fuel) 

30-year  levelized  by-product  credit  LB  = 

30-year  levelized  fuel  LFU 

10- Year  Levelized  Fixed  Charges  (Capital)  LFC 


J ( )-Year  Levelized  Busbar  Cost  of  Power  at 
Level i zed-Capaci ty  Factor  (CF)  for  Period 
1983'  -  '2012 


Power  Cost 


(LFC  +  LFOM)  X  (1000  niills/$)  , 

(CF)  X  (8760  hr/year)  ^  ^ 


*Y  is  the  30-year  levelization  factor  for  fuel.  Z  is 
factor  for  by-products. 


Q 

R 

S 

T 

CM  =  Q-t-R+S-hT 

(V) 

W 

Equations 

=  2.314  X  (FOM)  $/kW-yr 
=  2.314  X  (VOM)  mills/kWh 
2.314  X  (CM)  mills/kWh 

Z*  X  V  mills/kWh 
Y*  X  W  mills/kwH 
0.161  X  (TCR)  $/kW-yr 


LCM  -  LB  -r  LFU  mills/kWh 

the  30-year  levelization 
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Run  Air 

Ninrhor  |  (sclia) 


I\(?aet.<)r  Gas  Flows 


Burner  Burner 


Reburner  Reburner 


CH4  Dxygon 
(slpm)  (si  pm) 


CH4 

(slpm) 


NHj 

(seem) 


Reburner  Reburner  Reburner  Reburner 

Inlet  Outlet  Fuel  Heat 

Total  Flow  Total  Flow  Equivalence  Input 
(slpm)  (slpm)  Ratio  Fraction 
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